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Relativistic mirrors can be realized with strongly nonlinear Langmuir waves excited by intense laser pulses in under-
dense plasma. On reflection from the relativistic mirror the incident light affects the mirror motion. The corresponding
recoil effects are investigated analytically and with particle-in-cell simulations. It is found that if the fluence of the
incident electromagnetic wave exceeds a certain threshold, the relativistic mirror undergoes a significant back reaction
and splits into multiple electron layers. The reflection coefficient of the relativistic mirror as well as the factors of
electric field amplification and frequency upshift of the electromagnetic wave are obtained.
I. INTRODUCTION
A relativistic mirror may be defined as an object that re-
flects incoming radiation while moving at relativistic velocity.
The theory of light reflection from such an object propagating
in vacuum at arbitrary (subluminal) velocity was first formu-
lated by Einstein in 19051. Since then, relativistic mirrors
have been studied in many different contexts because of their
great potential for both fundamental science and practical ap-
plications.
An electromagnetic wave incident on a relativistic mirror
undergoes energy and frequency change due to the double
Doppler effect. In a co-propagating configuration in the lab-
oratory frame of reference, the reflected wave is stretched, its
amplitude is lowered and its frequency is downshifted. On the
contrary, in a counter-propagating configuration, the reflected
wave is compressed, amplified and its frequency is upshifted.
Relativistic mirrors can be realized by irradiating plasma
targets with intense laser pulses (see Ref. 2 for a review and
the literature cited therein). They appear in laser plasma as
thin dense electron (or electron-ion) shells accelerated to rel-
ativistic velocities. Various schemes that lead to the genera-
tion of relativistic mirrors have been described in theoretical
as well as experimental studies (e.g. double-sided mirror3–13,
oscillating mirror14–19, sliding mirror20,21, flying mirror real-
ized with strongly nonlinear Langmuir waves22–28 or electron
density singularities29) and, hence, have already proven the
feasibility of this concept.
Nowadays, relativistic mirrors in plasmas are actively stud-
ied as a unique tool for fundamental research (e.g. light
intensification towards the Schwinger limit22, investigation
of photon-photon and Delbrück scattering27,30, analog black
a)Electronic mail: petr.valenta@eli-beams.eu
hole to investigate Hawking radiation and the information
loss paradox31) and for many practical applications in di-
verse fields; depending on whether the configuration is co-
propagating or counter-propagating in the laboratory frame of
reference, relativistic mirrors might be used either for accel-
eration of ions (e.g. for hadron therapy32) or for producing
coherent high-brightness radiation with wavelengths ranging
from x-ray to gamma-ray (e.g. for molecular imaging33, at-
tosecond spectroscopy34).
Maximization of the reflected radiation energy requires a
more intense incident electromagnetic wave. However, suf-
ficiently strong incident light can significantly affect the mo-
tion of the relativistic mirror (i.e. its radiation pressure can
stop or destroy the mirror). In the present paper, we aim at a
closer description of the recoil effects on a reflection from the
relativistic mirror. We study the interaction of strongly non-
linear Langmuir waves with an incident counter-propagating
electromagnetic wave as well as the properties of the reflected
radiation. We discuss the regimes when the relativistic mirror
undergoes a significant back reaction. We find the threshold
of the onset of the recoil effects.
The paper is organized as follows: in section II we de-
rive the threshold for the energy of the incident electromag-
netic wave, in section III we discuss the physical realization
of relativistic mirrors in laser plasma and in section IV we
demonstrate the results of one-dimensional (1D) particle-in-
cell (PIC) simulations and compare them with the analytical
calculations.
II. RECOIL EFFECTS ON REFLECTION FROM
RELATIVISTIC MIRRORS
For a relativistic mirror propagating at constant velocity
vM in vacuum, the frequency upshift of a normally incident
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counter-propagating electromagnetic wave is given by1
ω
ω0
=
1+βM
1−βM =
γM +
√
γ2M − 1
γM−
√
γ2M − 1
≈ 4γ2M, (1)
where ω andω0 are the frequency of the reflected and incident
radiation, respectively, βM = vM/c is the velocity of the rel-
ativistic mirror normalized by the speed of light in vacuum c
and γM = 1/
√
1−β 2M is the corresponding relativistic Lorentz
factor. The last term in Eq. (1) is obtained using the identity
γM+
√
γ2M− 1=(γM−
√
γ2M− 1)−1 and γM+
√
γ2M − 1≈ 2γM
and is valid in the ultra-relativistic limit, i.e. when γM ≫ 1.
The factor of the electric field amplification of the reflected
wave is given by1
E
E0
=
ω
ω0
√
R, (2)
where E and E0 are the electric field of the reflected and in-
cident radiation, respectively, and R stands for the reflection
coefficient in terms of photon number.
The above Eqs. (1) and (2) are derived in the approxima-
tion of a weak incident electromagnetic wave. Here, we ana-
lytically investigate the recoil effects of a counter-propagating
electromagnetic wave normally incident on a relativistic mir-
ror. This problem was briefly discussed in Ref. 21. First, we
consider the relativistic mirror in the form of an electron layer.
We assume that all the electrons are characterized by the same
momentum, the electromagnetic wave is monochromatic and
the reflection coefficient in terms of photon number is equal
to R. The conservation of momentum and energy before and
after the interaction can be then written as
Ne pe0−Nγ pγ0 = Ne pe +RNγ pγ − (1−R)Nγ pγ0, (3)
NeEe0+NγEγ0 = NeEe +RNγEγ +(1−R)NγEγ0. (4)
Here, respectively, Ne and Nγ are the number of interacting
electrons and photons. The subscript "0" denotes the quanti-
ties before the interaction and the "−" sign in Eq. (3) denotes
counter-propagating photons. The electron and photon mo-
menta and energies can be expressed as
pe = mec
√
γ2e − 1, pγ = h¯ω/c, (5)
Ee = mec
2γe, Eγ = h¯ω , (6)
where the symbols h¯, γe and me denote the reduced Planck
constant, the relativistic Lorentz factor of electrons and the
electron rest mass, respectively.
By combining Eqs. (3) - (6) we obtain the following for-
mula:
h¯ω = h¯ω0
Ne (Ee0+ pe0c)
Ne (Ee0− pe0c)+ 2RNγ h¯ω0
= h¯ω0
Nemec
2
(
γe0+
√
γ2e0− 1
)
Nemec2
(
γe0−
√
γ2e0− 1
)
+ 2RNγ h¯ω0
. (7)
In the ultra-relativistic limit, i.e. when γe0≫ 1, Eq. (7) can be
simplified as
ω
ω0
≈ 4γ2e0
Nemec
2
4γe0
Nemec2
4γe0
+RNγ h¯ω0
. (8)
The two terms in the denominator of Eq. (8) correspond to
the energy of the electron layer and interacting photons, re-
spectively. The resulting frequency upshift of the reflected
radiation is determined by the relation between both terms:
ω/ω0 ≈ 4γ2e0 for RNγ h¯ω0 ≪
Nemec
2
4γe0
, (9a)
ω/ω0 ≈ Nemec
2γe0
RNγ h¯ω0
for RNγ h¯ω0≫ Nemec
2
4γe0
. (9b)
The limit (9a) corresponds to the approximation of a weak
incident electromagnetic wave, and produces the classical fre-
quency upshift factor corresponding to the double Doppler ef-
fect (see Eq. (1)). In the opposite limit (9b), the incident radi-
ation significantly affects the motion of relativistic mirror, so
that the frequency of the reflected electromagnetic wave is in
fact downshifted by the factor ofNemec
2γe0/
(
RNγ h¯ω0
)≪ 1.
We define the threshold characterizing the recoil impor-
tance in this interaction as a midpoint between the limits given
by Eqs. (9a) and (9b), when the energy of the interacting pho-
tons is comparable to that of the electron layer,
RNγ h¯ω0 = κ
Nemec
2
4γe0
, (10)
where κ < 1 is a small factor. Obviously, much less energy
than the kinetic energy of the mirror can affect the reflection
process.
III. RELATIVISTIC MIRROR REALIZED WITH A
LANGMUIR WAVE
A sufficiently short and intense laser pulse excites a
strongly nonlinear Langmuir wave in underdense plasma35,36.
The electron density modulations of the Langmuir wave in
the wake of the laser pulse take the form of thin dense shells
separated by cavities of length corresponding to the Langmuir
wave wavelength λw. A weak counter-propagating electro-
magnetic wave is partially reflected from these shells, under-
going energy and frequency change in accordance with the
double Doppler effect. For this case, Eq. (1) becomes2
ω
ω0
=
1
1−β 2w
(
1+β 2w+ 2βw
√
1− ω
2
pe
ω20
)
= 2γ2w + 2γw
√
γ2w− 1
√
1− ω
2
pe
ω20
− 1, (11)
so that it includes the difference between the phase and group
velocity in plasma. Here, ωpe =
√
4pinee2/me is the Lang-
muir frequency corresponding to the background electron
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density ne, βw is the phase velocity of the Langmuir wave
normalized by c and γw = 1/
√
1−β 2w is the corresponding
relativistic Lorentz factor. The symbol e stands for the elec-
tron charge.
If the velocity of the electrons in the vicinity of the elec-
tron density spike exceeds the phase velocity of the Langmuir
wave, i.e. γe > γw, the Langmuir wave breaks. This corre-
sponds to the Akhiezer-Polovin limit37 for the longitudinal
electric field, Ex, of the Langmuir wave,
max |Ex|e
meωpec
>
√
2(γw− 1). (12)
For the Langmuir wave at the threshold of wave-breaking, its
reflection coefficient in terms of photon number, R, is (see
Ref. 2)
R≈ Γ
2 (2/3)
22 ·34/3
(
ωpe
ω0
)8/3
1
γ
4/3
w
, (13)
where Γ(x) is the Euler gamma function38.
In order to estimate the threshold given by Eq. (10) for the
relativistic mirror realized with a breaking Langmuir wave, we
represent, for simplicity, the incident laser pulse as an electro-
magnetic wavepacket with a rectangular profile and intensity
I, duration τ and cross-sectional area S. We assume normal
incidence of this wavepacket on the relativistic mirror. The
number of photons in the pulse, Nγ , is given by the following
expression,
Nγ =
IτS
h¯ω0
. (14)
For a nearly-breaking Langmuir wave, for which Eq. (13)
holds, approximately half of the plasma electrons are con-
centrated in the electron density spike in each wave period.
Therefore, the number of interacting electrons, Ne, is
Ne =
ne
2
λwS. (15)
Using the reflection coefficient of the Langmuir wave of
Eq. (13), and, respectively, the number of interacting photons
and electrons of Eqs. (14) and (15), we rewrite the threshold
of Eq. (10) in terms of the fluence (the product of intensity
and duration) of the incident wavepacket:
Iτ = κ
mec
2
8
neλw
γwR
= κ
34/3mec
2
2Γ2 (2/3)
(
ω0
ωpe
)8/3
γ
1/3
w neλw. (16)
As can be seen from this formula, even a low intensity electro-
magnetic wavepacket is able to destroy the mirror, if it is suf-
ficiently long. However, the relativistic mirror realized with
the Langmuir wave consists of electrons that are continuously
flowing through it. Consequently, the structure of the electron
density spike is being refreshed every moment in time. Thus,
the applicability of the model given by Eqs. (3) - (6) is better
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FIG. 1. Plot of the electron and proton density ramp profile used in
the simulations.
for a short-time interaction and sufficiently large electromag-
netic wave intensity. We intrepret the threshold of Eq. (16)
as a condition for the minimum wavepacket duration required
for a recoil effect,
τmin = κ
34/3mec
2
2Γ2 (2/3)
(
ω0
ωpe
)8/3
γ
1/3
w
neλw
I
. (17)
In this interpretation, the incident wavepacket intensity be-
comes the main critical parameter for the recoil effects. Be-
low, we investigate the applicability of the model and, in par-
ticular, Eq. (17) by PIC simulations.
IV. PARTICLE-IN-CELL SIMULATIONS
The properties of relativistic mirrors realized with strongly
nonlinear Langmuir waves in underdense plasmas are stud-
ied numerically by means of PIC simulations in a 1D Carte-
sian geometry. The 1D configuration is sufficient for the in-
vestigation of the Langmuir wave interaction with a counter-
propagating laser pulse and beneficial in view of the necessity
of resolving frequency upshifted electromagnetic radiation ac-
cording to Eq. (11). The results can be extrapolated to higher
dimensions considering laser pulses with a wide focal spot.
The simulations are performed using the fully relativistic elec-
tromagnetic PIC EPOCH code39.
A. Simulation Setup
The laser pulse that drives the Langmuirwave (from here on
referred to as the "driver") enters the simulation domain from
the left boundary and propagates in the +x direction. The
laser pulse that undergoes the reflection from the Langmuir
wave (from here on referred to as the "source") enters from
the right and propagates in the opposite (i.e. −x) direction.
In the following, we use the superscripts "d", "s" and "r" to
denote the quantities which characterize the driver, the source
and the reflected pulse, respectively.
The driver is characterized by a wavelength in vacuum
λ d0 = 2pic/ω
d
0 , where ω
d
0 is its angular frequency, and by the
normalized amplitude ad0 = 10 defined as a
d
0 = eE
d
0/(meω
d
0 c),
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FIG. 2. The evolution of parameters of the first electron density spike of the Langmuir wave behind the driver in time. (a) The motion of the
spike in the x− t plane, (b) the normalized phase velocity of the spike βw and (c) the corresponding relativistic Lorentz factor γw. The black
dashed line marks the instant, when the Langmuir wave breaks.
where Ed0 is amplitude of the electric field in vacuum. Its tem-
poral profile is Gaussian with a full-width-at-half-maximum
duration τd0 = 10 T
d
0 , where T
d
0 = λ
d
0 /c is the driver pulse cy-
cle period. The values of ad0 and τ
d
0 are set so that they are
optimal for the Langmuir wave generation35,36; the driver am-
plitude ad0 is set to be sufficiently high in order to excite a
large amplitude nonlinear wave which breaks in a controlled
way and the driver duration τd0 is chosen such that the wave
is excited resonantly (i.e. cτd0 ≈ λw/2). The driver is linearly
polarized with the electric field directed along the y-axis.
The wavelength of the source pulse is λ s0 = 5 λ
d
0 . By this
choice we keep λ s0 sufficiently short so that the effects of
plasma dispersion on the source are not significant, but long
enough to substantially reduce the computational demands of
the simulations. The source has a semi-infinite flat-top tem-
poral profile which allows us to analyze the simulation results
more clearly. The normalized amplitude of the source, as0, is
varied in the simulations in order to thoroughly describe its
impact on the reflection from the Langmuir wave. The source
is linearly polarized in the direction perpendicular to the driver
polarization (i.e. along the z-axis), thus its electromagnetic
field can be clearly distinguished.
Both laser pulses, the driver and the source, propagate in a
pre-ionized uniform hydrogen plasma with electron and pro-
ton densities n0e,p = 10
−2 ndc , where ndc = me(ωd0 )
2/(4pie2) is
the critical plasma density with respect to the driver pulse.
A smooth ramp is added to the left side of the target in or-
der to reduce the effect of wave-breaking from a sharp ris-
ing plasma edge40. The ramp is defined by the function
ne,p (x) = n
0
e,p (3− 2(x− x1)/(x2− x1))((x− x1)/(x2− x1))2,
where x ∈ [x1, x2]. The values x1 = 0 and x2 = 80 λ d0 have
proven to provide a sufficiently smooth transition (one can see
the plot of the density ramp ne,p (x) in Fig. 1). The plasma
is cold and collisionless. The electrons and protons are rep-
resented by quasi-particles with a triangular shape function.
The number of quasi-particles per cell is 10 for both particle
species.
The simulations utilize a moving window technique41
which allows to substantially decrease the length of the simu-
lation domain. For this, the EPOCH code was modified in or-
der to continuously introduce source pulse at the right bound-
ary of the moving widow. The length of the simulation win-
dow is 80 λ d0 and it moves along the driver propagation direc-
tion at a velocity equal to c. The resolution of the Cartesian
grid is 30 cells per theoretically estimated wavelength of the
reflected radiation λ r. The value of λ r is calculated using
Eq. (1), where we estimate γM ≈ ωd0 /ωpe. The simulation do-
main thus contains 1.92×105 cells in total and the simulation
time is set to 450 T d0 . The electromagnetic fields are calcu-
lated using the standard second-order Yee solver42 with the
CFL number43 equal to 0.99. Absorbing boundary conditions
are applied on each of the simulation domain sides for both
the electromagnetic field and particles.
B. Simulation Results
First, we present the results of the simulation where the nor-
malized amplitude of the source is relatively low, as0 = 10
−4,
in order to avoid recoil effects and significant distortions of the
Langmuir wave. The driver pulse starts to excite the Langmuir
wave as soon as it enters the plasma. When the driver reaches
the uniform plasma density region, the Langmuir wave takes
the form of sharp electron density spikes separated by cavities.
We consider the properties of the first electron density spike
of the Langmuir wave formed behind the driver, which serves
as a relativistic mirror. The first important parameter of the
density spike in our study is its phase velocity because it de-
termines the magnitudes of the carrier frequency upshift and
electric field amplification of the reflected wave (see Eqs. (1)
and (2)).
Fig. 2(a) shows the evolution of the first electron density
spike of the Langmuir wave behind the driver in the x− t
plane, (b) its normalized phase velocity βw and (c) the corre-
sponding relativistic Lorentz factor γw. The moment of wave-
breaking, t ≈ 190 T d0 , is in Fig. 2 denoted by black dashed
lines. It corresponds to the limit given by Eq. (12). At this mo-
ment, the electron density spike is centered around the point
x ≈ 150 λ d0 . The reflectivity of the Langmuir wave becomes
significant when the wave is closer to breaking2. After the
wave-breaking, it is determined not only by the properties of
the regular Langmuir wave, but also by the properties of the
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FIG. 3. (a) Electromagnetic radiation incident at (red) and reflected from (blue) the first electron density spike of the Langmuir wave behind the
driver, (b) detail of the reflected electromagnetic wave (blue) with modulations correlated with the electron density (black) and (c) the evolution
of the local carrier wavenumber of the reflected electromagnetic wave showing a positive chirp due to the Langmuir wave deceleration. In (b)
and (c), the simulation data (light gray and light blue) are smoothed using the Savitzky-Golay filter44 (black and blue).
injected electrons. From Fig. 2, it can be clearly seen that the
Langmuir wave decelerates in uniform plasma, which is par-
tially caused due to nonlinear energy depletion of the driver45
and due to the wave-breaking.
The reflected electromagnetic radiation is shown in
Fig. 3(a). As can be seen, its amplitude is modulated. The
modulations are caused by the electrons injected into the ac-
celerating phase of the wakefield after the wave-breaking,
which is shown in Fig. 3(b). Fig. 3(c) displays the local car-
rier wavenumber of the reflected pulse. To obtain the local
carrier wavenumber at any point in a reflected wavepacket,
we first find the analytic signal from the original signal us-
ing the Hilbert transform46. The local carrier wavenumber is
then obtained by differentiating the local phase (which corre-
sponds to the phase angle of the analytic signal) with respect
to x. It can be clearly seen that the reflected signal has a pos-
itive chirp which corresponds to the mirror deceleration. The
wavelength of the reflected signal λ r ranges from ≈ 0.17 λ s0
to ≈ 3.3× 10−3 λ s0 , hence the upshift factor with respect to
ωs0 ranges from 6 to 298. Due to the effects of plasma disper-
sion, however, the wavelength of the source pulse interacting
with the electron density spike is slightly larger than the vac-
uum wavelength, λ s ≈ 1.04 λ s0 . Thus the maximum factor of
the frequency upshift with respect to ωs is about 310. From
this frequency upshift factor using Eq. (11) we can estimate
the relativistic Lorentz factor of the electron density spike as
γw ≈ 9.2, which corresponds to the instant of time t ≈ 140 T d0 .
Using the dependence of the local carrier wavenumber of
the reflected pulse on the electron density spike coordinate
krloc(x) and the dependence of the spike coordinate on time
x∗(t), we obtain the time dependence of the frequency upshift
factor of the reflected pulse,
ωr
ωs0
=
ks0
krloc(x
∗(t))
As seen in Fig. 4(a), the frequency upshift factor obtained in
this way very well agrees with the calculation using Eq. (11)
and the relativistic Lorentz factor of the electron density spike
γw shown in Fig. 2(c).
Using the dependence of the reflected pulse electric field
envelope amplitude on the spike coordinate Erenv(x
∗(t)), we
obtain the time dependence of the electric field amplification
factor,
Er
Es0
=
Erenv(x
∗(t))
Es0
.
As seen in Fig. 4(b), the electric field amplification factor ob-
tained in this way shows again fairly good conformity with
the calculation using Eqs. (11) and (13) and the relativis-
tic Lorentz factor of the electron density spike γw shown in
Fig. 2(c). We find that the electric field amplification factor
reaches its maximum at the moment of wave-breaking, with
the electric field of the reflected pulse being amplified more
than 6 times.
Using the factors of the frequency upshift and the electric
field amplification of the reflected pulse shown in Fig. 4(a)
and (b), we reconstruct the instantaneous reflection coefficient
of the electron density spike in time, Fig. 4(c). For compari-
son, in Fig. 4(c) we also plot the instantaneous reflection co-
efficient computed using Eq. (13) and the relativistic Lorentz
factor γw shown in Fig. 2(c). We find that the reflection coef-
ficient in terms of photon number grows from ≈ 10−3 at the
moment of wave-breaking up to ≈ 5× 10−2 at the end of the
interaction.
In order to investigate the recoil effects and explore the
regimes around the threshold given by Eq. (16), we increase
the amplitude of the source. Now, the source pulse encoun-
ters the electron density spike at the moment of wave-breaking
(t = 190 T d0 ). Its normalized amplitude a
s
0 is varied from 0.01
to 1. The reflected radiation for the simulated cases can be
seen in Fig. 5(a). In the case of as0 = 0.01, the interaction
corresponds to the weak incident pulse approximation and the
impact of the source pulse is compensated by the electron flow
that refreshes the structure of the density spike. For much
larger amplitude, as0 = 1, only one cycle of the reflected wave
is formed before the relativistic mirror is destroyed. More-
over, the radiation pressure of the source pulse in this case
pushes the mirror back which results in lower factors of the
frequency upshift and the electric field amplification.
The threshold (17) gives the minimal duration of the in-
cident electromagnetic wave necessary to cause a significant
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FIG. 4. The properties of the reflection from the first electron density spike of the Langmuir wave behind the driver. (a) The frequency upshift
factor, (b) the electric field amplification factor and (c) the instantaneous reflection coefficient in terms of photon number. The simulation data
(light blue) are smoothed using the Savitzky-Golay filter44 (blue) and compared to analytical estimates (red). The black dashed line marks the
instant, when the Langmuir wave breaks.
recoil on the relativistic mirror. In terms of normalized quan-
tities, this duration can be rewritten as
τs0,min =
κ
4
neλwλ
s
0
γwR
(
as0
)2 , (18)
where τs0,min is normalized by T
s
0 , λ
s
0 and λw by λ
d
0 and ne by
ndc . This quantity is shown in Fig. 5(a), for different source
pulse amplitudes and κ = 1.5×10−4. The value of the coeffi-
cient κ is obtained from the comparison of the spatial profiles
of the reflected wave for different incident wavepacket ampli-
tudes. We assume that the duration τs0,min roughly corresponds
to the time period where the reflected wave coincides with the
weak-source approximation. We see that for as0 = 0.01 the
reflected wave corresponds to the weak-source approximation
and classical double Doppler effect. Here τs0,min is very large.
For as0 = 1, the recoil effects are well pronounced; the spatial
profile of the reflected wave deviates from the weak-source
approximation almost immediately. In this case τs0,min is al-
most zero. Between as0 = 0.01 and a
s
0 = 1, the properties of
the spatial profile of the reflected wave correlate with the min-
imum source duration causing recoil effects given by Eq. (18),
derived from the model (3) - (6).
A time span needed for a density spike to be fully re-
freshed by the electron flow can be roughly estimated as
tre f ≈ λw/vdg ≈ 20.53 T d0 , where vdg is the group velocity of
the driver pulse. During this time span, the density spike in-
teracts approximately with 7.62 cycles of the source pulse.
Therefore, if τs0,min > 7.62 T
s
0 the impact of the source pulse
on the density spike is compensated by the flow of electrons
and the interaction corresponds to the weak-source approxi-
mation. Using Eq. (18) with κ = 1.5×10−4, this condition is
equivalent to as0 < 0.026.
In Fig. 5(b) and (c), one can see the phase space of elec-
trons located in the density spike illustrating the importance
of the recoil effects of the relativistic mirror for two differ-
ent amplitudes of the source pulse. For relatively small am-
plitudes, the structure of the electron density spike and the
injected electrons (appearing after wave-breaking) are not af-
fected, Fig. 5(b). When the intensity of the source pulse be-
FIG. 5. Dependence of the reflected radiation on the amplitude of
the source pulse. (a) Spatial profiles of the reflected wave for dif-
ferent source amplitudes. The thick red curve across the frames is
the minimum source duration required for the recoil effect, τs0,min,
according to Eq. (17) for κ = 1.5× 10−4. Phase space of electrons
at t = 230 T d0 for (b) a
s
0 = 0.01 and (c) a
s
0 = 1.0.
comes sufficient to alter the motion of the electrons in the den-
sity spike, the spike splits into several layers, Fig. 5(c). The
disappearance of the periodic structure of the reflected electro-
magnetic wave seen in Fig. 5(a) for as0 ≥ 0.05 is partially due
to destructive interference of waves reflected from the multi-
layered structure of the split electron density spike and due to
the recoil effects.
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V. CONCLUSION
We study recoil effects of relativistic mirrors in the form
of strongly nonlinear Langmuir waves driven by short intense
laser pulses in underdense plasmas. This is important for the
question of the feasibility of relativistic mirrors for the de-
velopment of compact and tunable sources of coherent short-
wavelength radiation. Using analytical calculations and PIC
simulations, we investigate the properties of the Langmuir
wave as well as the reflected pulse. We also find the thresh-
old for the energy of the laser pulse incident on the electron
density spike above which the relativistic mirror undergoes
significant recoil.
We show that the Langmuir wave driven by a short intense
laser pulse in uniform plasma decelerates and, therefore, the
reflected radiation has a positive chirp. We find that the elec-
tric field amplification factor of the reflected radiation reaches
its maximum at the moment of wave-breaking. In addition,
our results show that for a given intensity of the source pulse
there exists an optimal duration of the source pulse; longer-
than-optimal pulses have lower reflected-to-incident energy
ratio. Moreover, for a given Langmuir wave excited by the
driver pulse there exists an optimal intensity of the source
pulse which provides the most intense reflected wave with al-
most the same frequency upshift factor as in the weak-source
approximation.
The sources of coherent high-brightness radiation with
wavelengths ranging from x-ray to gamma-ray are of great
demand for many practical applications in diverse fields. Rel-
ativistic mirrors in laser plasmas can give a promising alter-
native for the development of radiation sources with tunable
parameters at significantly reduced size and cost, in compari-
son with conventional devices.
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